Hypoxic pulmonary hypertension (HPH), which is characterized by pulmonary arteriolar remodeling and right ventricular hypertrophy, is still a life-threatening disease with the current treatment strategies. The underlying molecular mechanisms of HPH remain unclear. Our previously published study showed that Wnt5a, one of the ligands in the Wnt family, was critically involved in the inhibition of hypoxia-induced pulmonary arterial smooth muscle cell proliferation by downregulation of b-catenin/ cyclin D1 in vitro. In this study, we investigated the possible functions and mechanisms of Wnt5a in HPH in vivo. Recombinant mouse Wnt5a (rmWnt5a) or phosphate buffered saline (PBS) was administered to male C57/BL6 mice weekly from the first day to the end of the two or four weeks after exposed to hypoxia (10% O 2 ). Hypoxia-induced pulmonary hypertension was associated with a marked increase in b-catenin/cyclin D1 expression in lungs. Right ventricular systolic pressure and right ventricular hypertrophy index were reduced in animals treated with rmWnt5a compared with PBS. Histology showed less pulmonary vascular remodeling and right ventricular hypertrophy in the group treated with rmWnt5a than with PBS. Treatment with rmWnt5a resulted in a concomitant reduction in b-catenin/cyclin D1 levels in lungs. These data demonstrate that Wnt5a exerts its beneficial effects on HPH by regulating pulmonary vascular remodeling and right ventricular hypertrophy in a manner that is associated with reduction in b-catenin/cyclin D1 signaling. A therapy targeting the b-catenin/cyclin D1 signaling pathway might be a potential strategy for HPH treatment.
Introduction
Hypoxic pulmonary hypertension (HPH) is a fatal disease characterized by acute pulmonary arteriolar vasoconstriction and chronic pulmonary arteriolar remodeling. 1 These processes lead to increasing pulmonary vascular resistance, pulmonary arterial pressure, subsequent hypertrophy and failure of the right ventricle (RV), and even death. 2 Several improvements in understanding the molecular pathology of HPH have been achieved over the past decade. 3 However, the underlying molecular mechanisms are still incompletely understood. Therefore, to elucidate the signaling pathways involved in the HPH is a key goal for developing novel effective therapeutics.
The Wnts are a family of lipid-modified secreted glycoproteins, comprise 19 ligands that play crucial roles in development, cell fate specification, polarity, migration, differentiation, and proliferation. 4, 5 The Wnt signaling pathways have been classified into canonical signaling pathway and non-canonical signaling pathway. In canonical Wnt signaling pathway which is most studied and best understood, Wnt ligands interact with the Frizzled receptors and then lead to b-catenin accumulation in cytoplasm and translocation into nucleus, where b-catenin binds to transcription factors and activates the transcription of downstream target genes like cyclin D1. 5, 6 However, the non-canonical Wnt signaling pathway does not require b-catenin as a co-transcription factor. 7 Wnt5a is a representative and specific inducer of the noncanonical Wnt signaling pathway. [8] [9] [10] One function of the non-canonical pathway is its inhibition of the canonical Wnt signaling pathway. 11 b-catenin stabilization has been reported to play an important role in the regulation of vascular remodeling via cyclin D1. [12] [13] [14] However, a possible contribution of Wnt5a on b-catenin/cyclin D1 in pulmonary vascular remodeling remains uncertain. As shown in our previously published study, Wnt5a inhibits hypoxia-induced pulmonary arterial smooth muscle cell (PASMC) proliferation by the downregulation of b-catenin/cyclin D1. 14 Therefore, the aim of our study is to elucidate the effects of Wnt5a on HPH and its potential mechanisms in vivo. We hypothesized that Wnt5a may alter pulmonary vascular and right ventricular response to hypoxia and that this inhibition may act through the suppression of b-catenin/cyclin D1.
Materials and methods

Ethical approval
All animal manipulations were conducted in accordance with the Regulations for the Management of Laboratory Animals published by the Ministry of Science and Technology of the People's Republic of China and approved by the Institutional Animal Care and Use Committee of Capital Medical University.
Materials
Recombinant mouse Wnt5a (rmWnt5a) was purchased from R&D Systems (Minneapolis, MN, USA). Tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary antibodies, mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI) were from Zhong Shan-Golden Bridge Biological Technology Company (Beijing, China). Anti-b-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and anti-a-smooth muscle actin (anti-a-SMA) antibodies were from Sigma-Aldrich (St. Louis, MO, USA). Anti-von Willebrand factor (vWF) and anticyclin D1 antibodies were from Abcam (Cambridge, UK). Anti-Wnt5a and anti-b-catenin (for total protein) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). RIPA buffer was from Applygen Technologies (Beijing, China). Protease and phosphatase inhibitors were from Roche Applied Science (Basel, Switzerland). Bovine serum albumin was from MP Biomedicals (Santa Ana, CA, USA). IRDye TM 800conjugated goat anti-rabbit IgG secondary antibody was from Odyssey (Lincoln, NE, USA). Antiproliferating cell nuclear antigen (anti-PCNA) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Animal models
Eight-week old male C57BL/6 mice weighing 20-25 g were purchased from Vital River Laboratory Animal Technology Company (Beijing, China). The animals were housed in a 12 h-12 h light-dark cycle with free access to water and standard chow diet. Animals were allowed to acclimate for three days before exposed to normobaric hypoxia (10% O 2 ). 2, 15, 16 Then mice were randomized to receive weekly rmWnt5a injections at 75 ng per mouse 17, 18 in a final volume of 150 mL or equal volume of phosphate buffered saline (PBS) via the tail vein from the first day to the end of the two or four weeks after exposed to hypoxia.
Hemodynamic and right ventricular hypertrophy (RVH) measurements
Mice were anesthetized with 2% sodium pentobarbital (50 mg/kg i.p.). Right ventricular systolic pressure (RVSP) which was used as an indicator of mean pulmonary arterial pressure was measured using closed-chest cardiac puncture. 19 Then mice were sacrificed by cervical dislocation and the lungs and hearts were collected. The weights of RV and left ventricle plus interventricular septum (LVþS) were measured separately to evaluate the extent of RVHI. The index of RVH was calculated by the formula: RVHI(%) ¼ RV/(LVþS) Â 100. The diameter of individual cardiomyocytes in histological sections of the left and right ventricular walls was measured using Nikon microscope digital camera system and its image analysis program (Nikon, Tokyo, Japan).
Lung morphometric analysis
The left lungs embedded in paraffin were serially sectioned at a thickness of 4 mm for immunofluorescence. Pulmonary vessels with external diameters smaller than 100 mm were selected. Double-labeled immunofluorescence with anti-vWF (1:200 dilution) and anti-a-SMA (1:200 dilution) primary antibodies was used to quantify the muscularization of pulmonary vessels. vWF staining was performed to aid to identify vessels. a-SMA staining was used to differentiate the muscularized vessels. Pulmonary vessels were categorized as fully muscularized (>75% a-SMA positive circumference), partially muscularized (25-75% a-SMA positive circumference), and non-muscularized (<25% a-SMA positive circumference). Muscularization of pulmonary vessels was expressed as a percentage of each category of vessels to the total number of vessels examined. 20 Medial thickness was counted as follows: percent medial thickness (%MT) ¼ (circumference ext /p-circumference int /p)/(circumference ext /p) Â 100. The circumference ext and circumference int were demarcated by the external and internal elastic lamina. The data were divided into four groups based on the external diameters: 0-25, 26-50, 51-75, and 76-100 mm. Images of pulmonary vessels were captured with Nikon microscope digital camera system and circumferences were measured with its image analysis program.
Immunofluorescence and light microscopic analysis
Paraffin-embedded lung sections were deparaffinized in xylene and rehydrated through descending alcohol concentrations. Antigen retrieval was performed in citrate buffer using a microwave. Sections were incubated with 0.3% Triton X-100 for 10 min and then blocked with 10% goat serum for 1 h. They were then incubated with anti-Wnt5a (1:50 dilution), anti-b-catenin (1:50 dilution), or anticyclin D1 (1:25 dilution), in the presence of anti-a-SMA (1:200 dilution) overnight at 4 C. Samples were visualized with FITCconjugated goat anti-mouse secondary antibody and TRITC-conjugated goat anti-rabbit secondary antibody (1:200 dilution) for 1 h at room temperature. Nuclei were counterstained with DAPI. Routine histochemical staining with H&E was used on heart sections to detect the diameter of individual cardiomyocytes of left and right ventricular walls. The sections were analyzed using Nikon microscope digital camera system. Images of b-catenin were captured by a confocal laser scanning microscope (FV1000, Olympus, Tokyo, Japan).
Western blot analysis
Lung homogenates were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked in 5% non-fat dry milk for 1 h, followed by incubation in anti-PCNA (1:100 dilution), anti-Wnt5a (1:50 dilution), anti-b-catenin (1:1000 dilution), anticyclin D1 (1:50 dilution), and anti-b-actin (1:6000 dilution) or GAPDH (1:6000 dilution) antibodies overnight at 4 C. The protein bands were visualized using the LI-COR Odyssey infrared double-fluorescence imaging system (LI-COR, Lincoln, NE, USA). The value of the relative density of each target protein band was normalized to the density of the corresponding b-actin or GAPDH band.
Statistical analysis
Data were expressed as mean AE SEM. Unpaired Student's t-test was used for comparisons between two groups. One-way ANOVA with the Newman-Keuls was used to evaluate differences between more than two groups. P < 0.05 was considered statistically significant.
Results
Hypoxia-induced pulmonary hypertension was accompanied with upregulation of Wnt5a and b-catenin/cyclin D1 in lungs
To induce the hypoxia-induced pulmonary hypertension animal model, mice were exposed to normobaric hypoxia for two and four weeks. Hypoxia significantly upregulated Wnt5a and b-catenin/cyclin D1 protein levels in lung tissue homogenates after two weeks (Figure 1 (a) to (d), P < 0.05; n ¼ 6). This agreed with the results of immunofluorescence, which showed that hypoxia induced Wnt5a and b-catenin/ cyclin D1 upregulation in hypertensive pulmonary arterioles ( Figure 1 (e) to (g)). Nuclear translocation of b-catenin, which suggests its activation, can be observed as shown in the boxed area ( Figure 1(f) ). These results indicate that hypoxia-induced pulmonary hypertension is associated with Wnt5a and b-catenin/cyclin D1 upregulation.
Beneficial effects of Wnt5a on hypoxia-induced pulmonary hypertension
To understand the effects of Wnt5a on hypoxia-induced pulmonary hypertension, mice were exposed to normobaric hypoxia while receiving weekly injections of rmWnt5a or PBS. As shown in Figure 2 (a), PBS-treated mice developed pulmonary hypertension characterized by significantly elevated RVSP in response to chronic hypoxia exposure as compared to normoxic group (normoxic mice without The antiremodeling effects of Wnt5a on hypoxia-induced pulmonary arteriolar remodeling Abnormal muscularization and progressive medial thickening are major characteristics of pulmonary arteriolar remodeling in HPH. 21 To investigate the effects of Wnt5a on hypoxia-induced remodeling of pulmonary arterioles, immunofluorescence of lungs from rmWnt5a-treated mice and PBS-treated mice was stained with vWF (endothelial cell marker) and a-SMA (smooth muscle cell marker) for morphometric analysis. Representative immunofluorescence exhibited that muscularization and MT of pulmonary vessels were evidently increased in PBS-treated mice under hypoxia. However, these changes appeared to be ameliorated in rmWnt5a-treated mice (Figure 3(a) ).
Quantitative analysis of the muscularization of peripheral pulmonary vessels demonstrated a substantially growing proportion of full muscularization from 11.96 AE 3.27 to 37.96 AE 2.40% (Figure 3 The %MT was used to evaluate medial thickening of pulmonary arterioles, which were divided into four orders according to their external diameters. Compared with PBS-treated group, %MT was significantly decreased in rmWnt5a-treated group with external diameters smaller than 75 mm. %MT of pulmonary arterioles in rmWnt5atreated mice decreased by 18.50 and 34.62% (Figure 3 (c), P < 0.001; n ¼ 8) (external diameter 0-25 mm), 15.98 and 29.97% (Figure 3 (c), P < 0.001; n ¼ 8) (external diameter 26-50 mm), 10.74 and 47.65% (Figure 3 (c), P < 0.001; n ¼ 8) (external diameter 51-75 mm) after exposed to hypoxia for two and four weeks. These data suggest that simultaneous rmWnt5a administration can ameliorate hypoxia-induced pulmonary arteriolar progressive remodeling.
To affirm Wnt5a's effect on inhibiting the proliferation of cells in the mouse lung we performed western blot analysis to detect the protein level of PCNA, a cell proliferation indicator. The results showed that compared to the normoxic control, the PCNA level was 1.89-fold (Figure 3(d) and (e), P < 0.05; n ¼ 5) and 2.19-fold (Figure 3(d) and (e), P < 0.01; n ¼ 5) higher in PBS-treated mice after two and four weeks' exposure to hypoxia. However, in the lung tissues of hypoxic mice injected with rmWnt5a, the PCNA protein level was down to 0.68 -and 0.67-fold compared to the PBS-treated mice, which indicates that rmWnt5a inhibited the hypoxia-induced cell proliferation (Figure 3(d) and (e), P < 0.05; n ¼ 5). 
Wnt5a alleviated hypoxia-triggered hypertrophy of individual cardiomyocytes from RV
The presence of RVH is a hallmark of the end-stage pulmonary hypertension. 22 To determine whether the administration of rmWnt5a could also protect against the development of hypoxia-triggered right heart hypertrophy in mice, H&E staining of individual cardiomyocytes was performed on the histological section of the LV and RV (Figure 4(a) ). The RVH, expressed as the diameter of right ventricular cardiomyocytes, was prominently elevated by 13.80 and 35.29% (Figure 4(b) , P < 0.001; n ¼ 8) after hypoxia exposure for two and four weeks in the PBS-treated animals. Treatment with rmWnt5a markedly reduced right ventricular cardiomyocytes diameter by 6.87 and 12.99% (Figure 4(b) , P < 0.001; n ¼ 8). Nevertheless, neither hypoxia exposure nor rmWnt5a injections affected the diameter of left ventricular cardiomyocytes (Figure 4(c) , P > 0.05; n ¼ 8). These date demonstrate that rmWnt5a can effectively protect against the hypoxia-triggered hypertrophy of individual cardiomyocytes in the RV.
Wnt5a downregulated b-catenin/cyclin D1 in HPH mouse lungs
To elucidate whether Wnt5a's ability to attenuate HPH was associated with suppression of b-catenin/cyclin D1, lung homogenates were detected for b-catenin and cyclin D1 expression ( Figure 5(a) ). b-catenin and cyclin D1 protein levels were 1.40-fold (Figure 5(a) and (b), P < 0.001; n ¼ 8) and 2.16-fold (Figure 5(a) and (c), P < 0.001; n ¼ 8) higher in PBS-treated mice after two weeks exposed to hypoxia. Nuclear translocation of b-catenin, which indicates its activation, can be observed as shown in the boxed areas ( Figure 5(d) ). Treatment with rmWnt5a diminished b-catenin and cyclin D1 protein levels to 0.70-fold (Figure 5(a) and (b), P < 0.01; n ¼ 8) and 0.52fold (Figure 5(a) and (c), P < 0.001; n ¼ 8) compared to the PBS-treated mice. The immunofluorescent staining displayed the same results as western blot analysis ( Figure 5(d) and (e)). These dates reveal that rmWnt5a downregulates the expression of b-catenin/cyclin D1 in HPH. 
Discussion
HPH is a pathophysiologic status caused by many sorts of pulmonary diseases. 23, 24 Although recent evidence suggests that current treatment strategies (prostacyclin analogs, endothelin receptor antagonists, and phosphodiesterase-5 inhibitors) have improved the symptoms of patients with pulmonary hypertension, the mortality rates still remain high. [25] [26] [27] In this study, we have demonstrated that Wnt5a ameliorates pulmonary vascular remodeling and RVH. Furthermore, we have revealed that the beneficial effects of Wnt5a on HPH are associated with the downregulation in b-catenin/cyclin D1 signaling. Targeting b-catenin/cyclin D1 signaling pathway might be a promising therapeutic strategy for HPH.
Wnt members are involved in vascular cell survival, proliferation, migration, and morphogenesis. 28, 29 The Wnt signaling pathways, which are initiated by the Wnt proteins, include canonical Wnt signaling and non-canonical ones. So far, the canonical Wnt/b-catenin pathway has been studied extensively, while the functions of non-canonical Wnt pathways remain to be further explored. It is generally considered that non-canonical Wnt pathways consist of planar cell polarity pathway (Wnt/PCP pathway or Wnt/ JNK pathway in vertebrates) and Wnt/Ca 2þ pathway. Wnt/PCP pathway is believed to be involved in the regulation of cell polarity, cytoskeletal organization, and gastrulation movements. 30, 31 Laumanns found out that Wnt/PCP pathway may participate in the regulation of vascular remodeling in idiopathic pulmonary arterial hypertension (IPAH). 32 Wnt/Ca 2þ pathway can induce the release of intracellular calcium and regulates the activation of protein kinase C and calcium/calmodulin-regulated kinase (CamKII). Despite the different downstream target genes and the fact that non-canonical pathways can antagonize the canonical pathway, they all signal through the combination of Wnt ligands and Fzd receptors. 30, 31, [33] [34] [35] Though not yet investigated systematically, Wnt5a, -7 a, -10 b, -11, and -13 have been shown to be expressed in vascular cells. 36 Recently, Wnt11 was reported to be upregulated in pulmonary arteries from IPAH patients compared with healthy donors. 32 A growing number of evidence has suggested that Wnt5a may be involved in the pathogenesis of pulmonary hypertension. It has been shown to promote or inhibit endothelial cell proliferation. 37, 38 Our previously published study demonstrated that Wnt5a inhibits hypoxia-induced PASMC proliferation. 14 Wnt5a also presents as a key regulator of fibroblast proliferation and resistance to apoptosis. 39 Elevated Wnt5a expression has been proven to be important for cancer progression of lung, stomach, skin, and prostate. However, Wnt5a inhibits tumor cell proliferation in other tumor models, including hematopoietic tissues, brain, breast, thyroid, and uroepithelial cancers. [40] [41] [42] These findings suggest that dysregulation of Wnt5a expression is involved in cell proliferation, although its exact role is still controversial. Meanwhile, pulmonary hypertension is characterized by the aberrant proliferation of vascular cells and the possible contribution of Wnt5a to the disease remains unclear. Thus in our study, in order to detect whether Wnt5a has any effect on HPH, mice were exposed to hypoxia and simultaneous administration with rmWnt5a weekly. The results show that chronic hypoxia exposure can effectively induce pulmonary hypertension in mice. Treatment with rmWnt5a leads to a significant decrease of pulmonary arterial pressure, muscularization, and medial thickening.
In the study we have noticed that Wnt5a was increased by hypoxia at two weeks. The real meaning of the transient Wnt5a upregulation observed during hypoxia exposure (upregulated in two weeks and downregulated in four weeks) still cannot be clearly explained and should be further investigated. We inferred that it might be the outcome of a self-feedback mechanism. It is quite possible that for the protection of the organism itself, Wnt5a showed a compensatory upregulation to antagonize the damage caused by hypoxia exposure. And at later stage of hypoxia exposure, this protective mechanism gradually failed. Decompensation occurred for the severe consequences of hypoxia exposure and Wnt5a was finally downregulated. The experiments have demonstrated that the injections of rmWnt5a inhibited the development of HPH. Therefore, Wnt5a does have an inhibitory role in the disease.
There is also abundant evidence to support that b-catenin/cyclin D1, the downstream of canonical Wnt signaling plays a crucial role in pulmonary hypertension. 43, 44 In the present study, we confirmed that two weeks' exposure to hypoxia enhanced b-catenin accumulation and the expression of the target gene cyclin D1 which indicates hypoxia activated Wnt/b-catenin signaling pathway. This was in accordance with previous reports. [45] [46] [47] It has been shown that Wnt5a-mediated canonical and non-canonical pathways can have opposing effects on vascular cells and antagonize each other in order to finely balance vascular cell proliferation. 37, 38 We thus sought to determine whether Wnt5a ameliorated pulmonary arterial remodeling and RVH through downregulation of b-catenin/cyclin D1. We found that the expression of b-catenin/cyclin D1 in HPH was downregulated by rmWnt5a.
The reason why Wnt5a can activate both canonical and non-canonical pathways is that, as some researchers suggest, it is probably decided by several certain Wnts-binding receptors on the surface of the cells that Wnt5a enters. 33, 34 When binding to some specific receptors on the surface of the cells like Ror2, Wnt5a activates non-canonical pathway and possibly downregulates b-catenin/cyclin D1 and ultimately, canonical Wnt/b-catenin pathway may be inhibited. However, Wnt5a can also activate canonical Wnt pathway by binding to some other certain receptors like Fzd4 or Fzd7. 33, 34 Under the circumstances in our study, Wnt5a might activate the non-canonical pathway which antagonizes the canonical pathway and then downregulates b-catenin/cyclin D1.
Another interesting finding we have noticed is that the increase in cyclin D1 was considerably greater than that in b-catenin, which implies other pathways of activation of cyclin D1. According to many reports, cyclin D1 is the downstream target gene of not only canonical Wnt pathway but also many other signaling pathways. Some reports mentioned that cyclin D1 is a downstream key target gene of mTOR signaling pathway 48 which can be activated by hypoxia. 49 Besides, cyclin D1 is also downstream of NF-kB 50 which can be activated by hypoxia as well. 51 Both pathways can upregulate cyclin D1 when activated. In a word, in this study, the upregulation of cyclin D1 might be the result of the activation of many different signaling pathways altogether.
The presence of RVH is a prominent feature of the endstage pulmonary hypertension. 22 The Wnt signaling pathway was identified as a crucial mediator of cardiomyocyte hypertrophy. There has been reports implying that inhibition of canonical Wnt signaling attenuates LV remodeling. 52 Recent data suggest that Wnt5a is required for the activation of protein synthesis and cardiomyocyte hypertrophy. 53 In our study, hypoxia induced an elevation in diameters of right ventricular cardiomyocytes, while cardiomyocytes of the LV were not affected by hypoxia. Hypoxia-induced hypertrophy of RV and right ventricular cardiomyocytes were mitigated by rmWnt5a, which is opposite to the findings in Hagenmueller and his co-workers' study. 53 This is because, due to the difference of research conditions and specific diseases, Wnt5a can play quite different roles. According to some points of view, the reason why Wnt5a can act so differently is that it combines with diverse receptors on the surface of cytomembrane under certain circumstances. 35 There are some limitations in our study. First, only the alterations of canonical b-catenin/cyclin D1 pathways were observed after rmWnt5a treatment. The possible involvement of non-canonical Wnt pathways is yet to be investigated. Second, although we have confirmed that Wnt5a has preventative effects on HPH, that whether it can reverse established HPH remains unclear. Since the relevance and translational value of the study would be higher with this issue solved, we also consider studying the therapeutic effects of Wnt5a on established HPH in further investigations.
In summary, the results of the present study have demonstrated for the first time that HPH is associated with the upregulation of the b-catenin/cyclin D1 pathway. RmWnt5a administration can improve pulmonary hemodynamics, pulmonary vascular remodeling, and RVH in vivo through suppression of b-catenin/cyclin D1. These findings may have significant clinical application value to HPH and point to novel targets for its treatments.
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